During constant-work-rate exercise in chronic obstructive pulmonary disease, dyspnea increases steeply once inspiratory reserve volume (IRV) falls to a critical level that prevents further expansion of tidal volume (VT). We studied the effects of this mechanical restriction on the quality and intensity of exertional dyspnea and examined the impact of an anticholinergic bronchodilator. In a randomized, double-blind, crossover study, 18 patients with chronic obstructive pulmonary disease (forced expiratory volume in 1 s ϭ 40 Ϯ 3%predicted; mean Ϯ SE) inhaled tiotropium 18 g or placebo once daily for 7-10 days each. Pulmonary function tests and symptom-limited cycle exercise at 75% of each patient's maximal work capacity were performed 2 h after dosing. Dyspnea intensity (Borg scale), operating lung volumes, breathing pattern, and esophageal pressure (n ϭ 11) were measured during exercise. Dynamic hyperinflation reached its maximal value early in exercise and was associated with only mild increases in dyspnea intensity and the effort-displacement ratio, which is defined as the ratio between tidal swings of esophageal pressure (expressed relative to maximum inspiratory pressure) and VT (expressed relative to predicted vital capacity). After a minimal IRV of 0.5 Ϯ 0.1 liter was reached, both dyspnea and the effort-displacement ratio rose steeply until an intolerable level was reached. Tiotropium did not alter dyspnea-IRV relationships, but the increase in resting and exercise inspiratory capacity was associated with an improved effort-displacement ratio throughout exercise. Once a critically low IRV was reached during exercise, dyspnea rose with the disparity between respiratory effort and the VT response. Changes in dyspnea intensity after tiotropium were positively correlated with changes in this index of neuromechanical coupling. chronic obstructive pulmonary disease; respiratory mechanics; tiotropium DYSPNEA AND ACTIVITY LIMITATION are the dominant symptoms of chronic obstructive pulmonary disease (COPD) and contribute importantly to perceived poor health status in this population (24). Consequently, relief of these symptoms is among the primary goals of management (44). Our understanding of the mechanisms of exertional dyspnea in COPD continues to increase. Earlier studies have shown that exertional dyspnea intensity in COPD increases as ventilation increases relative to capacity. Dyspnea intensity also increases with the magnitude of inspiratory effort (pleural pressure relative to maximum inspiratory pressure) and its duration (29). We have previously reported that the intensity of perceived inspiratory difficulty during exercise correlated well with the increased effort-displacement ratio, which is defined as the ratio between tidal swings of esophageal pressure (Pes) expressed relative to the maximum inspiratory pressure (effort) and the tidal volume (VT) response expressed relative to the predicted vital capacity (VC) (displacement) and is a crude index of neuromechanical uncoupling of the respiratory system (36). In some patients, gas-exchange abnormalities leading to critical arterial hypoxemia or hypercapnia may also contribute either directly or indirectly to perceived exertional dyspnea (38). All of these factors are clearly interdependent and likely contribute, in a complex integrative fashion, to respiratory discomfort in a manner that varies from patient to patient. Several recent mechanistic studies have provided evidence that mechanical factors, specifically acute dynamic lung hyperinflation, importantly influence respiratory discomfort during exercise (36, 37). Moreover, in recent clinical studies, dyspnea alleviation after a number of therapeutic interventions, which include bronchodilators (7, 37, 44, 45) , lung volume reduction surgery (27, 32), and oxygen therapy (40, 52), has been associated with reduction of lung hyperinflation.
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The mechanisms by which dynamic lung hyperinflation (DH) leads to dyspnea are unknown. In particular, it is difficult to reconcile the potential salutary effects of DH on respiratory sensation (through improvement of expiratory flow rates at the higher lung volumes) with the negative effects that arise from the attendant VT restriction and the excessive loading and functional weakening of the inspiratory muscles. Other potential dyspneogenic mechanisms in the setting of DH include heightened inspiratory effort, induction of inspiratory muscle fatigue (or failure), and chemoreceptor stimulation as a result of attendant CO 2 retention and arterial O 2 desaturation. However, we have previously argued that an increased sense of contractile muscle effort need not be perceived as "unsatisfied" or lead to respiratory distress (39) . Moreover, it remains uncertain whether overt ventilatory muscle fatigue actually occurs during symptom-limited exercise in COPD (31) . Furthermore, the occurrence of exercise hypercapnia is highly variable in COPD and its contribution to exertional dyspnea in this setting remains unknown (42) .
Several previous studies have shown that during constantwork-rate cycle exercise testing the slope of the relationship between dyspnea intensity (measured by the Borg scale) and exercise time is essentially linear (37, 40, 44, 45) . In contrast, we have recently reported that the relationship between dyspnea and dynamic inspiratory reserve volume (IRV) during constant-load cycle exercise is distinctly alinear in patients with moderate-to-severe COPD (45, 48) . Thus there is a discernible inflection point beyond which dyspnea rises steeply to intolerable levels at a given IRV. This inflection point generally occurs when IRV has declined to a critical, minimal value of 0.3 to 0.5 liters below total lung capacity (TLC) and marks the point at which further VT expansion is impossible (45, 48) . In this study, we sought to extend previous investigations to better understand the relationship between critical mechanical constraints during exercise and the quality and intensity of dyspnea. On the basis of the results of previous studies in healthy individuals during chest wall strapping (39) and in patients with interstitial lung diseases (38), we postulated that a limited ability to expand VT in the face of increasing respiratory drive (and effort) during exercise would contribute to dyspnea intensity, and its dominant qualitative dimension of unsatisfied inspiration. In COPD, the finding of a close association between improved dyspnea ratings and an increased ability to expand VT as result of pharmacological lung volume deflation supports the idea that mechanical VT restriction is an important and potentially reversible dyspneogenic factor (45) .
The purpose of this study was first to examine mechanical events before and after this critical dyspnea-IRV inflection point during constant-work-rate exercise, so as to better understand the mechanisms of exertional dyspnea. We hypothesized that, early in exercise, dynamic hyperinflation would have net beneficial effects on respiratory sensation by attenuating expiratory flow limitation. However, after a critical IRV is reached, dyspnea intensity would rise with the increasing disparity between respiratory effort (tidal swings of Pes relative to the maximum attainable pressure) and the VT response (relative to the predicted VC), which becomes essentially fixed. To test the hypothesis that critical mechanical restriction is a key contributor to exertional dyspnea in hyperinflated COPD patients, we examined the time course of change in dyspnea intensity, ventilation, breathing pattern, operating lung volumes and Pes-derived measurements of dynamic ventilatory mechanics, with specific reference to the dyspnea-IRV inflection point. Our second objective was to assess the impact of changes in resting ventilatory mechanics (i.e., pharmacological lung volume reduction) on dyspnea-IRV relationships and effort-displacement ratios during exercise, to better understand the mechanisms of dyspnea alleviation. We postulated that bronchodilators would delay the attainment of this mechanical threshold (where VT becomes fixed) during exercise, thus improving the effort-displacement ratio and postponing the onset of intolerable dyspnea. We therefore evaluated the impact of the bronchodilator tiotropium on the time course of change in dyspnea intensity, IRV, and related mechanical events during constant-work-rate exercise using a placebocontrolled study design.
METHODS

Subjects
Subjects included stable patients with COPD (43) who had a cigarette smoking history Ն20 pack-years, forced expiratory volume in 1 s (FEV 1) Յ65% predicted, plethysmographic functional residual capacity (FRC) Ն120% predicted, and a modified Baseline Dyspnea Index score Յ6 (53). Patients were excluded in the presence of significant diseases other than COPD that could contribute to dyspnea and exercise limitation, important contraindications to clinical exercise testing (16) , use of daytime oxygen, or participation in a pulmonary rehabilitation program within 6 wk before the study.
Study Design
This randomized, double-blind, placebo-controlled, crossover study had local university/hospital research ethics approval. After giving written, informed consent, patients completed 1) an initial screening visit to determine eligibility for the study; 2) a second visit during the baseline period designed to familiarize patients with all tests that would be performed during subsequent treatment visits and to avoid possible learning effects; 3) two 7-to 10-day treatment periods, in randomized order, with a visit at the beginning and end of each (visits 3 through 6) and a 35-day washout period between treatments; and 4) a follow-up visit conducted 1 wk after completion of the second treatment period. Visit 1 included medical history, clinical assessment, chronic dyspnea evaluation, pulmonary function tests, and a symptom-limited incremental cycle exercise test. Visit 2 included pulmonary function tests and a constant-load exercise test. Pulmonary function tests and a constant-load cycle exercise test were performed pretreatment (visits 3 and 5). On the last day of each treatment period (visits 4 and 6), subjects completed pulmonary function tests with measurements of static lung recoil pressure 80 min postdose followed by a constant-load exercise test with measurements of respiratory mechanics 120 min postdose. The follow-up visit included a brief physical examination and pulmonary function tests. All constant-load exercise tests were conducted at a work rate equal to 75% of the maximal incremental work rate at visit 1.
During treatment periods, either inhaled tiotropium (18 g once daily) or a matched placebo was added to the daily drug regimen. Permitted respiratory medication included regularly taken corticosteroids and theophyllines if stabilized for at least 6 wk before and throughout the study. Oral and long-acting ␤ 2-agonists were not allowed for at least 1 wk before and throughout the study. Anticholinergics were withdrawn at least 1 day before the screening visit and not permitted throughout the study. Salbutamol (aerosol inhaler) was provided as rescue medication during the run-in and treatment periods. Before each visit, short-acting ␤ 2-agonists, short-acting theophyllines, and long-acting theophyllines were withheld for at least 6, 24, and 48 h, respectively. Study medication was last taken ϳ24 h before treatment visits 4 and 6. Subjects avoided caffeine, heavy meals, alcohol, and major physical exertion before visits, which were all conducted in the morning.
Procedures
Pulmonary function measurements were collected according to recommended standards (2, 3, 4, 14) by use of automated equipment (Vmax 229d with Autobox 6200 D L; SensorMedics, Yorba Linda, CA) and expressed as percentages of predicted normal values (8, 10, 11, 15, 21, 25, 34) ; predicted inspiratory capacity (IC) was calculated as predicted TLC minus predicted FRC. Static lung recoil pressure (Pst) was measured via the SensorMedics Vmax229d system (19) . Dynamic compliance (Cdyn) was measured during normal resting breathing and at timed rates of 10, 15, 20, 25 and 30 breaths/min.
Symptom-limited exercise tests were conducted on an electrically braked cycle ergometer (Ergometrics 800S; SensorMedics) by use of a cardiopulmonary exercise testing system (Vmax229d; SensorMedics) as previously described (37, 40, 44, 45) . Incremental testing was performed at the first visit using 1-min increments of 10 W each. Constant-load tests at 75% of maximal incremental work rate were performed at all subsequent visits; endurance time was defined as the duration of loaded pedaling.
Measurements were collected while subjects breathed through a mouthpiece with nose clips and a low-resistance flow transducer. The following measurements were included: standard cardiopulmonary exercise test parameters (23) were collected in a breath-by-breath fashion; intensity of dyspnea (breathing discomfort) and leg discom-fort using the 10-point Borg scale (9) was assessed at rest, during the last 30-s period of every 1-min interval during exercise, and at end exercise; operating lung volumes were derived from IC maneuvers (37, 41) performed at rest, within the last 30-s period of each 2-min interval during exercise, and at end exercise; Pes-derived mechanical measurements (1, 5, 17, 47) were collected in a breath-by-breath fashion with an integrated data-acquisition setup (see following paragraph); descriptors of dyspnea at end exercise were collected by questionnaire (39, 51) ; and reason for stopping exercise was collected.
Adult balloon-tipped esophageal catheters (Ackrad Laboratories, Cranford, NJ) were placed according to an accepted technique (5). Pes was sampled continuously at a rate of 100 Hz by using a differential pressure transducer (MP45; Validyne Engineering, Northridge, CA), a signal conditioner (Carrier amplifier; Gould Electronics, Chandler, AZ), and computer data-acquisition software (Advanced CODAS; Dataq Instruments, Akron, OH). The continuous flow signal from the Vmax229d system was simultaneously input into this system for further analysis. Maximum inspiratory sniff maneuvers were performed preexercise at rest and immediately at end exercise to obtain maximum values for Pes (PI max); this corrects for changes in operating volumes but not for other possible confounding variables such as changes in velocity of shortening. The inspiratory threshold load was calculated as the difference between Pes at the onset of inspiratory flow and Pes at isovolume on the predicted chest-wall compliance curve (1). Campbell's diagrams were constructed to calculate expiratory flow resistive work (WE res) and inspiratory work of breathing, which was divided into its elastic (WIel) and flow resistive (WIres) components (17) . The tension-time index of the inspiratory muscles (TTI) was calculated as the product of mean inspiratory Pes/PI max and the inspiratory duty cycle (TI/Ttot) (5). An index of neuromechanical coupling was calculated as the ratio of respiratory effort (tidal Pes/ PI max) to thoracic displacement (VT/predicted VC) (36) .
Analysis of Exercise Endpoints
All breath-by-breath measurements were averaged in 30-s intervals throughout each test stage, i.e., rest, exercise, and recovery. Raw volume (integrated flow) and Pes signals were also averaged in 30-s intervals for reconstruction of Pes-volume loops. Cardiopulmonary and Pes-derived measurements collected over the first 30-s period of every second minute during exercise were linked with symptom ratings and IC measurements collected in the latter 30 s of the respective minute (to avoid contamination of averaged breath-bybreath data by irregular breaths surrounding IC maneuvers).
Preexercise rest was defined as the steady-state period after at least 3 min of breathing on the mouthpiece while seated at rest before exercise was started: cardiopulmonary parameters were averaged over the last 30 s of this period and IC measurements for this period were collected during breathing on the same circuit immediately after completion of the quiet breathing period. A standardized time near end exercise (isotime) was defined as the highest common exercise time achieved during all constant-load tests performed by a given subject, rounded down to the nearest whole minute. Peak exercise was defined as the last 30 s of loaded pedaling: cardiopulmonary parameters were averaged over this time period, and IC measurements and Borg ratings were collected immediately at the end of this period. By plotting individual dyspnea (Borg rating)-IRV curves throughout exercise, a point of inflection was determined for each subject, i.e., the point of intersection of two linear relationships.
Statistical Analysis
The sample size of 18 provides the power (80%) to detect a difference in IC measured at a standardized exercise time based on a relevant difference of 0.3 liter, a SD of 0.3 liter for IC changes found at our laboratory, ␣ ϭ 0.05, and a two-tailed test of significance. Results are reported as means Ϯ SE. A P Ͻ 0.05 significance level was used for all analysis, with appropriate Bonferroni correction for multiple comparisons. Treatment responses were compared by paired t-tests. Comparisons were made for linear exercise response slopes and for measurements at rest, isotime, and peak exercise. Dyspnea descriptors and reasons for stopping exercise were analyzed using Fisher's exact test. Pearson correlations were used to establish associations between standardized dyspnea ratings and relevant independent variables; forward stepwise multiple regression analysis was carried out with significant variables and relevant covariates.
RESULTS
Eighteen subjects completed the study (Table 1) ; no subjects experienced oxygen desaturation below 88% or significant elevation of end-tidal CO 2 tension (PET CO 2 ) during incremental cycle exercise. Eleven subjects had Pes-derived mechanical measurements at both treatment visits (Table 1) . Of the seven subjects with incomplete mechanical data, three completed testing at visit 4 but did not wish to undergo insertion of the esophageal balloon-catheter a second time at visit 6; one subject experienced intolerable coughing after catheter placement, resulting in its removal at both treatment visits; one subject had previously broken his nose and the catheter would not pass through his nasal passages; and two subjects refused to undergo this procedure at the time of their treatment visits. No significant sequence or carryover effects were found with respect to pulmonary function, physiological measurements during exercise, or exertional dyspnea. Pretreatment responses to constant-work-rate (50 Ϯ 5 W) exercise were highly reproducible, i.e., oxygen uptake (V O 2 ), carbon dioxide output (V CO 2 ), minute ventilation (V E), VT, breathing frequency (F), inspiratory time (TI), expiratory time (TE), oxygen saturation, PET CO 2 , and heart rate were not different when plotted against exercise time.
Dyspnea "Threshold" During Exercise
Although dyspnea increased linearly with exercise time, there was a clear inflection point noted in the dyspnea-IRV relationship during constant-load exercise after placebo, i.e., dyspnea increased steeply once IRV fell to a critical level (Fig.  1) . This inflection point occurred early in exercise at a mean time of 2.7 Ϯ 0.3 min: one severely hyperinflated patient with a resting IC of 1.0 liter and an IRV of only 0.4 liter had no obvious inflection because she was already on the steep portion of the curve even at rest, 10 patients had an inflection within 2 min of the beginning of loaded exercise, and the inflection occurred by minute 4 of exercise in the remaining subjects. Measurements at the inflection point were as follows: V O 2 of 13.6 Ϯ 1.1 ml⅐kg Ϫ1 ⅐min Ϫ1 , V E of 31.3 Ϯ 2.5 l/min, F of 27 Ϯ 1 breaths/min, VT of 1.17 Ϯ 0.08 liters or 72 Ϯ 3%IC, Pes/PI max of 39 Ϯ 4%, and a TTI for the respiratory muscles of 0.16 Ϯ 0.01. Beyond the inflection during exercise there was no further change in VT, IC, IRV, PET CO 2 , TE, or VT/TE; a continued increase in V E, F, TI, VT/TI, Pes/PI max , inspiratory and expiratory Pes, Pes/VT ratios, and TTI; a continued decrease in Cdyn; and an increase in dyspnea intensity. The dyspnea-IRV relationship was highly reproducible within sub- jects across tests and remained unchanged by tiotropium: mean plots were superimposable and, for all tests, the inflection point occurred at a similar exercise time, V O 2 , V E, breathing pattern, and Pes/PI max .
Correlates of dyspnea intensity were examined before and after the dyspnea-IRV inflection point, first taking into account repeated measurements within each patient. In early exercise before reaching this threshold, dyspnea intensity correlated best with the TTI (partial multiple r ϭ 0.84, P Ͻ 0.0005), tidal Pes/PI max (partial multiple r ϭ 0.81, P Ͻ 0.0005), V E (partial multiple r ϭ 0.79, P Ͻ 0.0005), and VT/predicted VC (partial multiple r ϭ 0.73, P Ͻ 0.0005). Before the inflection, dyspnea also correlated with inspiratory Pes/ PI max (partial multiple r ϭ 0.78, P Ͻ 0.0005) and expiratory Pes standardized as a percentage of maximal expiratory pressure (partial multiple r ϭ 0.79, P Ͻ 0.0005); inspiratory and expiratory "effort" contributed equally to dyspnea and increased together in early exercise (r ϭ 0.92, P Ͻ 0.005). After the dyspnea-IRV inflection, the continued increase in dyspnea intensity correlated best with the ratio of tidal Pes/PI max to VT/predicted VC (partial multiple r ϭ 0.61, P Ͻ 0.0005) and with the ratio of inspiratory Pes/PI max to VT/predicted VC (partial multiple r ϭ 0.60, P Ͻ 0.0005). There was no drug effect on any of these relationships.
Resting Pulmonary Function and Lung Mechanics
Improvements in spirometry and body plethysmography after treatment with tiotropium compared with placebo are shown in Table 2 : FEV 1 and FVC increased with no associated change in the FEV 1 /FVC ratio, lung hyperinflation (residual volume, FRC) decreased, airway resistance decreased and conductance increased for a given lung volume. There were no significant differences in resting breathing pattern parameters after tiotropium compared with placebo, other than an increase in TI/Ttot (P ϭ 0.003). There was no difference between Cdyn during normal resting breathing or the frequency dependence of Cdyn after tiotropium compared with placebo, i.e., the decrease in Cdyn that occurred as F increased was similar after tiotropium and placebo. Pst was not different after placebo and tiotropium (31 and 30 cmH 2 O, respectively), and the coefficient of retraction (Pst/TLC) was unchanged.
Responses to Constant-Load Exercise
Posttreatment endurance time was greater by 0.9 Ϯ 0.8 min or 30 Ϯ 18% after tiotropium compared with placebo but not significantly (Table 3 , Fig. 2 ). The distribution of reasons for stopping exercise was different after tiotropium compared with placebo (P Ͻ 0.01): after tiotropium, fewer subjects stopped owing primarily to breathing discomfort and more subjects stopped because of leg discomfort or other reasons.
Exertional dyspnea. Dyspnea at isotime during exercise decreased after tiotropium by 0.7 Ϯ 0.4 Borg units (P ϭ 0.06) ( Table 4 ). Posttreatment differences in dyspnea at isotime correlated with concurrent differences in F (r ϭ 0.624, P ϭ 0.006), VT/predicted VC (r ϭ Ϫ0.579, P ϭ 0.012), and TE (r ϭ Ϫ0.544, P ϭ 0.020). The selection frequency of dyspnea descriptor phrases at end exercise was similar after tiotropium compared with placebo, except for the phrase "I cannot take a deep breath in," which was chosen by seven patients (39%) after placebo and only one patient (6%) after tiotropium (P Ͻ 0.05). In addition, 72% of patients chose descriptors within the parentheses) ; n ϭ 18 subjects. *P Ͻ 0.01 tiotropium vs. placebo. †Breathing pattern collected after at least 3 min of resting breathing on a mouthpiece with nose clips. sRaw, specific airway restistance; PEF, peak expiratory flow; Pst, static peak transpulmonary pressure; PImax, maximal inspiratory sniff esophageal pressure; IRV, inspiratory reserve volume; VT, tidal volume; F, breathing frequency; VT/TI and VT/TE, mean inspiratory and expiratory tidal flows; TI, inspiratory time; TI /Ttot, inspiratory duty cycle, inspiratory time over total breath time. Values are means Ϯ SE; n ϭ 18 subjects. V O2, O2 uptake; V CO2, CO2 production; V E, minute ventilation; PETCO 2 , partial pressure of end-tidal CO2; SpO 2 , oxygen saturation. *P Ͻ 0.05 tiotropium versus placebo.
cluster for "unsatisfied inspiration" with placebo, whereas only 44% selected within this cluster after tiotropium (P ϭ 0.09).
Ventilatory responses. Ventilatory responses to constantload exercise after tiotropium and placebo are shown in Fig. 2 . After tiotropium compared with placebo there was no change in ventilation; breathing pattern was slower and deeper; and lung hyperinflation was reduced, as reflected by an increase in IC (Fig. 2 ). There were no significant differences in peak V O 2 or V E, although breathing pattern was significantly slower and deeper at end exercise (Table 3) . Breathing pattern changes correlated with IC changes at isotime exercise. At isotime during exercise after tiotropium, midtidal expiratory flows increased significantly and the extent of encroachment on the maximal expiratory flow-volume curve at the same volume decreased (Table 4) . However, the percentage of VT overlapping the maximal expiratory flow-volume loop (i.e., extent of expiratory flow limitation) was not significantly different after tiotropium compared with placebo at rest, isotime, or end exercise.
Respiratory mechanics. Table 5 summarizes Pes-derived measurements at isotime during exercise and at end exercise. At isotime (and isoventilation) during exercise after tiotropium compared with placebo (Table 5) , tidal Pes decreased because of decreases in both peak inspiratory and expiratory pressures; Pes/PI max decreased; Pes/VT and the ratio of Pes/PI max to VT/predicted VC decreased; Cdyn increased because of a decrease in F; the TTI of the respiratory muscles decreased; and inspiratory and expiratory resistive work of breathing (WI res , WE res ) decreased. These isotime differences continued through to end exercise (Fig. 3) . Changes in Pes-derived mechanical measurements (i.e., Pes/PI max , Pes/VT, TTI, Cdyn, WI el , WI res , WE res ) did not correlate with any volume [i.e., IC, IRV, VC, end-expiratory (EELV) and end-inspiratory lung volume (EILV), residual volume] changes during exercise, although decreases in EELV at isotime correlated with decreases in the inspiratory threshold load (r ϭ 0.78, P Ͻ 0.005) in a relationship of 10 cmH 2 O/l.
DISCUSSION
The main findings of this study are as follows: 1) dyspnea intensity increased sharply during exercise after a minimal IRV value was reached during constant-work-rate exercise; this dyspnea-IRV inflection point marked the onset of a widening disparity between respiratory effort and VT displacement. 2) Before this inflection point, the effort-displacement ratio remained relatively constant and only mild dyspnea was reported despite acute DH. 3) Bronchodilator therapy was associated with a consistent reduction in operating lung volumes with improved effort-displacement ratios and reduced dyspnea intensity.
Dyspnea-IRV Inflection
Several studies have shown a correlation between increasing dyspnea intensity during exercise and reduction in dynamic IC, suggesting that acute DH is an important contributing factor (36, 41) . This hypothesis has been bolstered by the results of studies that have found that dyspnea reduction after pharmacological (7, 37, 44) or surgical volume reduction (27, 32) correlated well with improvements in IC (or EELV) and IRV (or EILV), reflecting reduced DH. However, the relationship between exertional dyspnea and DH is complex and poorly understood. The present study confirmed the findings of two previous studies by demonstrating that the dyspnea-IRV relationship was distinctly alinear during constant-work-rate cycle exercise in patients with moderate to severe COPD (45, 48) . Dyspnea intensity rose steeply to intolerable levels at a mean minimal IRV of ϳ0.5 liter below TLC. The inflection point, which was highly reproducible within patients, occurred early in exercise when ventilation had reached 31 l/min and VT had reached its peak value of 72% of the actual IC. At this minimal IRV, the IC had also declined to its minimal value and respiratory effort had increased to 40% of PI max . An increased TTI for the respiratory muscles at this time point represented 80% of its peak value and reflects a substantial increase in the oxygen cost of breathing (33) . In this study, arterial blood gases were not available but there was no significant arterial oxygen desaturation or increase in end-tidal CO 2 throughout exercise. It is noteworthy that in this group of severely compromised patients with COPD, these acute derangements in dynamic ventilatory mechanics that took place before the dyspnea-IRV inflection point were associated with only mild increases in dyspnea (mean Borg rating 2.4 "slight") and that the effort-displacement ratio was held relatively constant until the minimal IRV was reached.
The operating position of the VT on the respiratory system's sigmoidal pressure-volume (P-V) relation determines the efficacy with which neural drive is converted to mechanical output and essentially dictates the relationship between tidal inspiratory muscle effort and VT displacement (56) . We have previously shown that in healthy elderly individuals the effortdisplacement ratio remains relatively constant at 0.7 Ϯ 0.1 throughout symptom-limited incremental exercise (Fig. 4) , reflecting the favorable operating position of VT on the compliant portion of the respiratory system's P-V curve (36) . In COPD patients at rest, the effort-displacement ratio was increased compared with health, reflecting the increase in airway resistance and the negative effects of expiratory flow limitation and lung hyperinflation that characterize this disease. Although the ratio rose further in the first minute of exercise in our study patients, it reached a plateau over the ensuing 2 min despite acute increases in EELV and EILV by an average of 0.4 and 1.04 liter, respectively, and a steep rise in V E. We therefore postulate that the negative effects of acute DH, which include increased elastic and threshold loading of the inspiratory muscles together with functional inspiratory muscle weakness, may have been counterbalanced by the reduced resistive work associated with breathing at a higher lung volume. Thus preservation of the effort-displacement ratio in this manner may help to minimize the rise in respiratory discomfort in early exercise.
Some of the potential mechanical and sensory advantages of early DH are quickly overridden, however, once the IRV and Values are means Ϯ SE (%predicted); n ϭ 18 subjects. EILV, endinspiratory lung volume. *P Ͻ 0.05 tiotropium vs placebo. Values are means Ϯ SE (%predicted); n ϭ 11 subjects. Pes, esophageal pressure; Cdyn, dynamic compliance; WIel, inspiratory elastic work of breathing per minute; WIres, inspiratory resistive work of breathing per minute; WEres, expiratory resistive work of breathing per minute. *P Ͻ 0.05 tiotropium vs. placebo.
IC reach their minimal values. For the remainder of the exercise test, VT is therefore fixed at the upper alinear extreme of the respiratory system's P-V relation. Over these last minutes of exercise in this study, the rise in ventilation was achieved exclusively by increasing breathing frequency. Respiratory effort rose linearly with increasing ventilation to reach ϳ50% of PI max . In this setting, the fixed VT response contributed to the rise in the effort-displacement ratio. The almost vertical rise in dyspnea intensity after reaching the minimal IRV correlated strongly with the increased effort-displacement ratio.
Mechanisms of Dyspnea
At the end of exercise when dyspnea was reported as severe, the majority of patients selected qualitative descriptors from two dominant clusters that alluded to a sense of "heightened work/effort of breathing" and "unsatisfied inspiration." We and others have argued that these discrete respiratory sensations may have different neurophysiological underpinnings (36, 51) . Before reaching the minimal IRV, the change in dyspnea intensity with exercise correlated well with increasing effort (Pes/PI max ), with the increasing TTI and with increasing ventilation. Previous studies have shown similar correlations and collectively support the idea that the sense of increased contractile respiratory muscle effort is pervasive during exercise and contributes to the experience of exertional breathlessness both in health and disease (29) . In COPD, acute mechanical loading and functional weakness of the inspiratory muscles during exercise result in a relatively higher inspiratory effort than normal for a given force generation by the muscles. Increased central motor command output, with corollary discharge to the sensory cortex, remains a plausible mechanistic explanation for the perception of the heightened effort or work of breathing during exercise (13) .
The majority of our patients selected descriptors in the "unsatisfied inspiration" cluster. The steep rise in dyspnea at the minimal IRV correlated better with the increased effortdisplacement ratio than with increased effort per se. The fact that inspiration is perceived as unsatisfied implies that sensory feedback from respiratory mechanoreceptors may have an important role. It is possible, therefore, that sensory feedback from a multitude of mechanoreceptors throughout the respiratory system (in the muscles, chest wall, airways, and lung Fig. 3 . Respiratory mechanics during exercise after tiotropium compared with placebo (n ϭ 11). Pes/PImax, the tension-time index of the respiratory muscles, and the effort-todisplacement ratio are all decreased during exercise after tiotropium. VT response is increased for a given effort after tiotropium compared with placebo. Dashed lines indicate the threshold where mechanical limitation to VT expansion is reached. *P Ͻ 0.05 tiotropium vs. placebo at isotime during exercise. Values are means Ϯ SE. pred VC, predicted vital capacity. Fig. 4 . Ratio between Pes/PImax and VT displacement (VT standardized as a fraction of predicted VC), an index of neuromechanical dissociation, is shown during exercise after tiotropium and placebo in chronic obstructive pulmonary disease (COPD; n ϭ 11) compared with a previously studied group of age-matched normal subjects (n ϭ 12) (36) . The effort-displacement ratio is increased in COPD compared with normal throughout exercise, with an upward trend after a ventilation of ϳ30 l/min that did not occur in the normal subjects. Compared with placebo, tiotropium reduced this ratio throughout exercise in COPD. parenchyma) collectively conveys the information to consciousness that the mechanical output achieved is inadequate for the prevailing respiratory drive. In the final phase of exercise, central drive had likely reached near-maximal levels yet the VT response was essentially fixed at only 30% of the predicted VC. At a comparable V O 2 in health, the VT expands to ϳ60% of the predicted VC. Respiratory mechanoreceptors are ideally placed to detect any disparity between the volume displacement achieved and that which is expected (12) .
Several previous studies in resting healthy humans have shown that when chemical drive is increased in the face of voluntary suppression or restriction of the spontaneous breathing response (i.e., VT expansion), dyspnea quickly escalates to intolerable levels (18, 22, 50, 55) . Moreover, resumption of spontaneous breathing was associated with immediate improvement in respiratory comfort, despite persistent (or even increased) chemical loading. During exercise in health, mechanical restriction of VT (by chest strapping) induced severe dyspnea (described as unsatisfied inspiration) in the setting of added chemical loading (39) . We postulate that in COPD a similar mismatch between central drive and mechanical response (i.e., neuromechanical dissociation), as crudely reflected by the increased effort-displacement ratio, is fundamental to the origin of dyspnea or its dominant qualitative dimension.
The precise neurophysiological mechanisms of perceived unsatisfied inspiration could not be determined in this study. It is certainly possible that acute DH could result in fatigued or excessively shortened inspiratory muscle fibers that fail to respond appropriately to increased electrical activation. Accordingly, as originally proposed by Campbell and Howell (12) , spindles in the ventilatory muscles (which accurately sense the disparity between length and tension development) are ideally suited to serve as the proximate peripheral source of this sensory information. However, on the basis of the existing literature, it is not clear whether overt inspiratory muscle fatigue consistently occurs in the setting of symptom-limited exercise, even in severe COPD (26, 31) . In this regard, it is noteworthy that even at the peak of exhaustive exercise, our dyspneic study patients with advanced disease were capable of generating maximal inspiratory pressures (despite higher operating lung volumes) equivalent to preexercise resting values. This notwithstanding, we cannot rule out the possibility of ventilatory muscle fatigue occurring in this setting of sustained high-intensity, constant-work-rate exercise in our patients, particularly given the prevailing length-tension abnormalities and the increased velocity of shortening of the inspiratory muscles. In the presence of contractile fatigue, greater central motor command output and greater perceived effort would be required for a given exercise ventilation.
It is known that the sense of unsatisfied inspiration can be experienced in the setting of mechanical restriction of VT both in healthy participants during chest wall restriction (39) and in patients with restrictive lung disease (38) , even when the inspiratory muscles are not excessively shortened, as is the case in COPD patients. Thus it is entirely plausible that reduced thoracic displacement (for a given neural drive) may be sensed by a multitude of additional chest wall and intrapulmonary mechanosensors that are designed to convey precise, simultaneous, proprioceptive sensory feedback information (54, 57) . The absence of significant arterial oxygen desaturation or exercise hypercapnia during exercise suggests that chemoreceptor stimulation was less likely to contribute to perceived unsatisfied inspiration in our study patients.
The relative importance of the various peripheral mechanosensory inputs in conveying this sense of unsatisfied inspiration could not be determined in this study. An additional study, demonstrating that the quality of exertional dyspnea changes from predominant heightened "effort" early in exercise to predominant "unsatisfied inspiration" after the point where VT expansion reaches its maximal limit, would lend support to the idea that critical mechanical restriction is a key underlying mechanism. Additional studies demonstrating the preservation of the dyspnea-IRV relationship in the face of experimentally induced changes in arterial blood gases, breathing pattern, ventilation, and the level of inspiratory effort would also help to confirm the central importance of mechanical restriction in dyspnea causation.
Interestingly, few patients selected descriptors of expiratory difficulty at the peak of constant-load exercise. Peak expiratory Pes during exercise averaged only 11 cmH 2 O or 12% of maximal static expiratory pressure measured from TLC. This is not dissimilar to the value shown previously in age-matched control subjects at a similar V O 2 during exercise (36) . The critical maximum pressure associated with expiratory flow limitation, as measured by isovolume pressure-flow plots, has been reported to be in this range at a similar operating volume (1.0 liter below TLC) in patients with COPD of similar severity (20, 28) . In keeping with the study of Leaver and Pride (28) , it seems that patients with moderate to severe COPD reach, but do not exceed, this critical pressure during constant-work-rate exercise. Thus they utilize the maximal expiratory flows available to them at that volume, while avoiding dynamic airway compression and its negative sensory consequences.
Effects of a Bronchodilator
Release of cholinergic tone after tiotropium was associated with improved airway conductance at all lung volumes, enhanced lung emptying, and reduced hyperinflation. Because static lung recoil pressure and TE were similar during placebo and tiotropium, decreased airway resistance is the most likely explanation for the improved expiratory flows and lung emptying at rest and during exercise. Reduced hyperinflation permitted patients to achieve the same ventilation throughout exercise but with a reduced total work and oxygen cost of breathing (by 11 and 12%, respectively, at a standardized time during exercise). Consistent with previous studies, the breathing pattern after bronchodilator was slower and deeper during exercise, because of the increased TI. Reduced breathing frequency likely explained the increased Cdyn associated with tiotropium therapy. Significant TI prolongation (by an average of 12%) may reflect the effects of reduced EELV and inspiratory threshold loading on the inspiratory muscles: after tiotropium, the measured "mechanical TI" may more closely approximate the actual "neural TI" that marks the true beginning of electrical activation of the inspiratory muscles with each breath. Alternatively, the increased TI prolongation associated with tiotropium may reflect attenuation of dynamic airway compression (35) . In a previous study, dynamic airway compression induced by the application of negative expiratory pressure in flow-limited COPD patients at rest resulted in consistent TI shortening (by an average of 17%) and was thought to be mediated via afferent feedback from airway mechanoreceptors in response to dynamic collapse (57) . The corollary of this is that more sustained airway patency and reduced peak tidal expiratory Pes with tiotropium compared with placebo may reduce dynamic compression with associated prolongation of TI. To the extent that acute dynamic compression causes unpleasant respiratory sensation in COPD, its avoidance would be expected to have a beneficial effect on dyspnea.
We postulated that tiotropium treatment would reduce lung volumes throughout exercise, thereby delaying the attainment of the minimal IRV at which the effort-displacement ratio (and dyspnea) rises abruptly. However, the results show that the time course of change in IRV during placebo and tiotropium was virtually identical, even though the actual minimal IRV achieved with the active drug was significantly higher (by 0.17 liter) than with placebo. Despite a reduction in absolute lung volumes and airway resistance with bronchodilator, the rate and magnitude of DH was identical to that of the placebo arm, again suggesting that the net effect of this adaptation is to preserve effort-displacement ratios in early exercise. Clearly, improved IC throughout exercise allowed sufficient VT expansion to meet the prevailing metabolic demands without the necessity to encroach further into the newly expanded IRV. The increased IRV and IC after tiotropium means that VT occupied a slightly more favorable position on the respiratory system's P-V curve. The improvement in the effort-displacement ratio throughout exercise reflects this reduced elastic loading, as well as reduced resistive work and, possibly, improved inspiratory muscle function. Dyspnea relief after tiotropium treatment correlated with both increased VT and reduced breathing frequency, indirectly reflecting the reduced elastic load. The slope of the relationship between dyspnea and the effort-displacement ratio was similar with tiotropium and placebo, suggesting that improvement in dyspnea is linked to improvement in this ratio of effort to mechanical response. It is interesting to note that fewer patients selected descriptors of unsatisfied inspiration (especially the descriptor "I cannot take a deep breath in") after tiotropium compared with placebo. Collectively, these data are consistent with the notion that enhanced neuromechanical coupling explains, at least in part, relief of dyspnea after bronchodilator therapy (46) . In summary, our results support the hypothesis that mechanical restriction and the subsequent neuromechanical uncoupling of the respiratory system may contribute to dyspnea and perceived unsatisfied inspiration during constant-work-rate exercise in COPD. After reaching a minimal IRV, further VT expansion was impossible despite progressively increased effort and dyspnea soon became intolerable. Before reaching the minimal IRV, the effort-displacement ratio was stable despite DH, suggesting that the associated reduced resistive work counterbalanced the negative effects of the increased elastic work.
The reduced operating lung volumes and improved airway conductance after bronchodilator did not affect the extent or rate of DH in early exercise and did not delay the time to reach a minimal IRV. Ultimately, the improved dyspnea reflected more favorable operating lung volumes, reduced resistive loading, improved VT expansion, and improved effort-displacement ratios throughout exercise.
